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The finite size of doubly heavy diquark gives a positive correction to the masses of baryons
calculated in the local diquark approximation. We evaluate this correction for the basic states
of doubly charmed baryons to give quite accurate predictions actual for current searches of
those baryons at LHCb [1]: m[Ξ
1/2
cc
+
] ≈ m[Ξ1/2cc
++
] = 3615 ± 55 MeV and m[Ξ3/2cc
+
] ≈
m[Ξ
3/2
cc
++
] = 3747± 55 MeV.
I. INTRODUCTION
Solving the problem of quark-gluon confinement in QCD demands a deep understanding of
mechanisms dealing with the quark-hadron duality [2]. In particlular, the quark-diquark structure
of baryons [3, 4] as well as consequent issues on the composition of exotic hadrons [5–7] can be
thoroughly studied in the spectroscopy of doubly heavy baryons [8–12].
In this way, to the leading order the diquark composed of two heavy quarks can be approximated
as a local object, since its size can tend to zero in the limit of infinitely heavy quarks, hence, a
quark-gluon string of length r as modelled by the linear confining potential Vc = σ · r can be
presented as a line connecting the light quark to the diquark center. The string tension is well
fitted in the spectroscopy, σ = 0.18 GeV2. The mass of doubly heavy diquark can be accurately
predicted in non-relativistic potential models adjusted by the spectra of heavy quarkonia, so that
the uncertainty is limited by 30 MeV. To the other hand, the spectroscopy of heavy-light mesons
allows us to calculate the masses of such the bound heavy-light system composed of local doubly
heavy diquark and light quark. Therefore, with accuracy up to the isotopic splitting of about 2-3
MeV the local-diquark approximation easily predict the masses of doubly charmed baryons [11, 13]:
for the baryon spin 1/2
m[Ξ1/2cc
++
] ≈ m[Ξ1/2cc
+
] = 3478 ± 30 MeV,
for the baryon spin 3/2
m[Ξ3/2cc
++
] ≈ m[Ξ3/2cc
+
] = 3610 ± 30 MeV.
However, the actual sizes of doubly charmed diquarks are not negligible. As we have found in
[11, 13], the size of basic vector 1S-diquark is approximately equal to rd ≈ 0.6 Fermi ≈ 3 GeV−1.
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2Therefore, the contribution of quark-gluon string into the binding energy of diquark is essential,
and it was taken into account in terms of confining linear potential for the straightforward string
between two heavy quarks. Such the straightforward string is equivalent to the local diquark
approximation1, indeed.
In order to take into account the finite size of doubly heavy diquark we have to consider the
distorsion of straightforward string inside the diquark. In this respect the doubly charmed baryons
provide us with a unique opportunity to research the diquark system due to the identity of two
heavy flavored quarks in the diquark, since in addition to the basic state of vector heavy 1S-diquark
the vector heavy 2P -diquark is expected to be quazi-stable because the transition of vector 2P -
diquark into vector 1S-diquark can take place only due to the change of both the spin and orbital
momentum of the diquark that is suppressed by second power of inverse heavy quark mass being
much less than the radius of strong interaction. On the other hand, the sizes of these two heavy
diquarks are significantly different, hence, the effects of finite size of diquarks can be discriminated.
II. ESTIMATES OF CORRECTIONS BY THE DIQUARK STRING DISTORSION
For three light quarks the string inside the baryon has got the from of symmetric three-ray
star (see Fig. 1). Essentially, there is the central point of string connecting the light quark to the
diquark. In that case the string length between the quarks inside the diquark is greater than the
distance between those quarks. Therefore, the correction caused by the finite size of diquark is
given by
δE∗ = σ · δr∗ = σ · rd ·
2−
√
3√
3
, (1)
i.e. the longer string gives greater mass of diquark. The correction is proportional to the size of
doubly heavy diquark, so that the limit of infinitely heavy quarks is well satisfied. Numerically,
the length is enlarged to 15%.
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FIG. 1: The quark-gluon string confining three light quarks.
The other string configuration presents the maximal distortion of string: the point of string
connection to the diquark is posed at the sphere with the radius equal to the diquark size (see Fig.
2). Then, the maximal enhancement of string length inside the diquark gives the correction to the
diquark mass equal to
δEmax = σ · δrmax = σ · rd · (
√
2− 1), (2)
1 Other approaches to the evaluating the masses of doubly heavy baryons are presented in [14–18].
3c
c
q
FIG. 2: The quark-gluon string connecting the light quark with the surface of doubly heavy diquark.
Numerically, the length is enlarged to 41%.
Let us use the average energy shift caused by the finite size of diquark
δE =
1
2
(δE∗ + δEmax) = σ · rd · (0.28 ± 0.09), (3)
wherein we suppose that the average value determines the correction with the accuracy covering
69% of interval between the boarder points.
We see that the correction is positive due to longer string inside the non-local diquark. The
estimate has a valuable uncertainty. Nevertheless, the direct application to the doubly heavy
baryons results in
δE[Ξcc] = 137± 46 MeV. (4)
Summing up uncertainties caused by the accuracy of potential models with the local diquark
and that of in the energy shift due to the finite size of diquark we get estimates
for the baryon spin 1/2
m[Ξ1/2cc
++
] ≈ m[Ξ1/2cc
+
] = 3615 ± 55 MeV, (5)
for the baryon spin 3/2
m[Ξ3/2cc
++
] ≈ m[Ξ3/2cc
+
] = 3747 ± 55 MeV. (6)
As we have mentioned in Introduction, the diquark composed of two identical charmed quarks
possesses the quazi-stable vector doubly charmed 2P -state with zeroth summed spin of quarks,
since the transition to the vector 1S-state with summed spin equal to 1 takes place with the
change of both the summed spin and relative orbital momentum, ∆S = ∆L = 1. The size of such
diquark is essentially greater than the size of basic vector diquark: rd(2P ) ≈ 0.9 Fermi [11, 13],
hence, the correction exceeds the value in (4) by 33 %:
δE[Ξcc(2P )] = 183 ± 59 MeV. (7)
Thus, for the quazi-stable doubly charmed baryons we get estimates
for the baryon spin 1/2
m[Ξ++cc(2P )] ≈ m[Ξ+cc(2P )] = 3885 ± 66 MeV, (8)
for the baryon spin 3/2
m[Ξ++cc(2P )] ≈ m[Ξ+cc(2P )] = 4017 ± 66 MeV. (9)
4III. CONCLUSION
We have shown that the distortion of quark-gluon string inside the diquark structure of baryons
can be numerically studied in the spectroscopy of doubly charmed baryons, since the corresponding
positive corrections to the limit of local doubly heavy diquark are certainly valuable within the
expected experimental accuracy. So, the masses of doubly charmed baryons in basic states are
shifted upward. The additional impact can be provided by comparison of mass observation for the
basic states with the mass of quazi-stable excitation containing the scalar diquark.
It worth to mention, the non-locality of the diquark at distance <∼ 0.3 fm can described within
the form factor formalism as it was done in [19]. However, the form factor of diquark-gluon
interaction is not related to the quark-gluon string distortion inside the diquark.
The clarification of quark-diquark structure in the case of doubly charmed baryons will serve
for more reliable predictions of properties of exotic hardrons such as pentaquarks and tetraquarks
[5–7].
The production of doubly heavy baryons in hadron collisions at energies of LHC has been calcu-
lated in [20, 21] within the framework of single parton scattering and color-singlet approximation.
The contribution of double parton scattering is significant at such high energies, so it has been
evaluated in [22]. In addition, there are estimates in the model of intrinsic charm [23, 24].
The lifetimes and decay modes of doubly charmed baryons were calculated in the framework of
operator product expansion [25, 26].
Supposing a systematic efficiency of LHC detectors to be sufficiently large for a lucky cascade
mode of decay we expect that the doubly charmed baryons will be discovered in a short time2[1],
that provide us with the important data on both the spectroscopy and lifetimes of those baryons.
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